Horizontal gene transfer by conjugative plasmids plays a critical role in the evolution of antibiotic resistance. Interactions between bacteria and other organisms can affect the persistence and spread of conjugative plasmids. Here we show that protozoan predation increased the persistence and spread of the antibiotic resistance plasmid RP4 in populations of the opportunist bacterial pathogen Serratia marcescens. A conjugation-defective mutant plasmid was unable to survive under predation, suggesting that conjugative transfer is required for plasmid persistence under the realistic condition of predation. These results indicate that multi-trophic interactions can affect the maintenance of conjugative plasmids with implications for bacterial evolution and the spread of antibiotic resistance genes.
Introduction
Conjugative plasmids act as vectors of horizontal gene transfer (HGT) between bacteria, trafficking beneficial accessory traits such as antibiotic resistance [1] . HGT by conjugative plasmids is a major contributor to the current public health crisis arising from the increasing occurrence of antibiotic-resistant pathogenic bacteria [2] . Plasmid dynamics are determined by the balance between the costs of plasmid maintenance to host cells, the context-dependent fitness benefits of plasmid-borne accessory genes and the efficiency of the plasmid's vertical and horizontal transmission [3] . When the benefits of carriage outweigh the costs, plasmids can be maintained by positive selection [4] , although over longer time-scales, beneficial accessory genes may be selected to relocate to the chromosome [5] . When the costs outweigh the benefits, plasmids should be lost to purifying selection [6] , unless this is counteracted by sufficiently high rates of conjugative transfer or sufficiently rapid compensatory evolution to ameliorate the cost of carriage [7, 8] .
In natural environments, plasmid dynamics do not occur in isolation. In ecologically realistic scenarios, bacteria interact, for example, with bacteriophages and protozoan predators, which are two major causes of bacterial mortality [9] . Predation by bacteriophages can limit plasmid persistence through the joint ecological and population genetic effects of phages on bacterial populations [3] . Protozoan predation has strong effects on bacterial growth dynamics and can prevent bacteria from reaching stationary phase, when conjugation is slowed down [10] . As conjugation can be essential for the maintenance of plasmids, predation may therefore indirectly prevent loss of plasmids by creating conditions for enhanced conjugation. In addition to ecological effects, bacteria have been demonstrated to rapidly evolve defences against predation, which have been associated with a cost in competitive fitness [11] . At the same time, if plasmid carriage is costly, evolution of anti-predator defences may limit the conditions where plasmids can be maintained.
Here we used an experimental evolution approach to test whether predation by the ciliate Tetrahymena thermophila amplifies the costs of bearing a resistance plasmid within a population of the opportunistic pathogen Serratia marcescens and thus accelerates its loss via purifying selection. Interestingly, however, we observed the opposite, whereby predation increased, rather than reduced, conjugative plasmid survival.
Material and methods (a) Strains and culture conditions (i) Strains
As prey species, we used the bacterium S. marcescens ATCC 13880 [12] . The broad-host-range conjugative plasmid RP4 (incompatibility group P) [13] was transferred from Escherichia coli K-12 JE2571 [14] to S. marcescens. RP4 codes for kanamycin, ampicillin and tetracycline resistance. A conjugation-defective RP4 mutant generated previously ( protocol in the electronic supplementary material) was used for controlling effects of conjugation. As predator species, we used the ciliated protist T. thermophila CCAP 1630/1U.
(ii) Culture conditions
We followed standard protocols for microcosm experiments with bacteria -ciliate systems [10, 11] . The culture medium for bacteria contained M9 salts and King's B nutrients at a 5% concentration. Cultures were kept at 288C (+0.18C) with shaking at 50 r.p.m.
(b) Community experiments (i) Effect of predators on plasmid persistence
To test the effect of predators and a sub-minimal inhibiting concentration (sub-MIC) of kanamycin on plasmid persistence, we conducted a 60-day microcosm experiment, representing approximately 160 prey and approximately 90 predator generations. Kanamycin was used since sub-MICs of antibiotics, common in the environment, can select for plasmid accessory traits, altering plasmid dynamics. We had a full factorial experimental design with predator present, predator absent, 0 mg ml -1 kanamycin and 1.15 mg ml -1 (approx. 10% of MIC) kanamycin treatments. The role of HGT was determined by using a conjugation-defective mutant plasmid in addition to the conjugative plasmid. All treatments were started from a single colony of Serratia (cultured overnight in liquid medium) containing either plasmid type (i.e. minimal initial genetic variability in prey population). Initial plasmid prevalence was 100%. Treatments were replicated three times in 25 ml glass vials containing 6 ml culture medium. Every 96 h, 3% of each culture was transferred to a vial containing fresh medium. During each transfer, predator and prey abundances were estimated (electronic supplementary material, figure S1 ) and a 0.5 ml subsample was frozen with glycerol and stored at -808C.
(ii) Effect of predation on spread of plasmid In addition to the long-term experiment where initial plasmid prevalence was 100%, we conducted a 10-day microcosm experiment in which plasmid-carrying bacteria were introduced to a plasmid-free population at a low initial proportion, approximately 8 Â 10 -5
. The same conditions were used as previously, except that the kanamycin treatment was omitted, treatments were replicated four times, and cultures were transferred every 48 h.
(c) Plasmid prevalence and prey defence (i) Measuring plasmid prevalence
In the 60-day experiment, 48 bacterial clones were isolated from treatment populations at days 28 and 60. Clones were inoculated in a 200 ml volume of PPY medium (20 g proteose peptone and 2.5 g yeast extract in 1 l deionized H 2 O) in a 96-well plate and cultured overnight, and approximately 10 ml sample was replicated with a cryo-replicator [15] on an agar-plate containing 25 mg ml -1 kanamycin. Replicated clones were cultured for 48 h, and plasmid prevalence was determined as the proportion of colony-forming clones. In the 10-day experiment, plasmid prevalence was determined from diluted samples as the proportion of bacteria growing on PPY agar-plates containing 25 mg ml -1 kanamycin compared with plates without antibiotic. Prey defence level, D, was measured as described previously [10, 11] ( protocol in the electronic supplementary material), with a D value of 0 indicating no evolution of defence against predation compared with ancestral strain and 1 indicating complete inability of predator to feed on bacterial prey.
(d) Prey and predator growth abilities
We ruled out the possibility that observations are affected by differential growth ability of experimental bacterial strains or of the predator on prey strains by conducting control experiments (electronic supplementary material, figures S2 and S3).
(e) Data analysis
Analyses were performed with IBM SPSS Statistics v. 22 (Chicago, IL, USA). Repeated measures ANOVA (RMANOVA) was used to determine differences in rate of plasmid loss and evolution of prey defence trait between treatments in the 60-day experiment. ANOVA was used to determine differences in plasmid frequency between treatments at the end of the 10-day experiment.
Results
Predation and plasmid-type treatments together influenced plasmid prevalence so that predation increased the persistence of the conjugative plasmid and decreased the persistence of the conjugation-defective plasmid (RMANOVA predation: F 1,24 ¼ 133, p , 0.001; RMANOVA plasmid type: F 1,24 ¼ 235, p , 0.001; RMANOVA predation Â plasmid type: F 1,24 ¼ 2710, p , 0.001; figure 1 ). Further, after overnight culture, ciliates led to an 8.7-fold increase in transconjugant frequency (electronic supplementary material, figure S4 ).
In the absence of predation, the conjugation-defective plasmid had higher persistence compared with the conjugative plasmid (RMANOVA: F 1,24 ¼ 1130, p , 0.001). Weak plasmid selection by a subinhibitory antibiotic concentration increased plasmid persistence compared with lack of selection (RMANOVA: F 1,24 ¼ 388, p , 0.001), but with the conjugation-defective plasmid, predation decreased this effect (RMANOVA predation Â antibiotic: F 1,12 ¼ 51.4, p , 0.001). Evolution of prey defence differed between plasmid types (RMANOVA: F 1,12 ¼ 25.5, p , 0.001), with lower defence values evolving with the conjugative plasmid that persisted at maximum prevalence throughout the experiment, compared with the conjugation-defective plasmid that was lost during the experiment.
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When plasmid-carrying bacteria were introduced at a low frequency to a plasmid-free population, predation increased the prevalence of the conjugative plasmid and decreased the prevalence of the conjugation-defective plasmid (ANOVA predation: 
Discussion
In this study, we evaluated the effect of multi-trophic interactions on the persistence of a conjugative plasmid in a bacterial population. We predicted that predator-mediated selection for the evolution of costly anti-predator defences would have reduced plasmid prevalence owing to interactions between costs of resistance and plasmid carriage. However, this outcome was observed only in plasmid incapable of conjugation where loss of plasmid occurs when the level of grazing resistance starts to increase. Interestingly, the conjugative plasmid was maintained significantly better in the presence of a protozoan predator, probably owing to ecological effects of predation. Notably, horizontal conjugative transfer of the plasmid between bacteria was the mechanism essential for plasmid persistence, as a conjugation-defective mutant plasmid was unable to survive under predation. Curiously, anti-predator defences were lower with the conjugative plasmid, suggesting a trade-off might exist between plasmid carriage and the ability to evolve higher defence levels, as has been observed in the case of bacteriophage resistance [16] .
Previous studies suggest that in late stationary phase bacteria start to lose RP4-encoded receptors required for mating pair formation [17] . Thus, predation may keep bacteria in constant growth phase, instead of reaching stationary phase, and consequently maintain a higher conjugation rate. This would promote the ability of plasmid-harbouring individuals to rapidly reseed any emerging plasmid-free individuals. In the absence of predation, the population rapidly reaches the carrying capacity of the system, possibly shutting down active conjugation [18] , which allows a sub-population of plasmid-free individuals to establish and grow over time as the culture is renewed.
Previously, it was shown that in a relatively high-resource environment without predators, selection seems to favour RP4 mutants that have become conjugation-defective [19] . In more realistic low-resource conditions with multi-trophic interactions, such evolution appears to be detrimental. Given the abundance of predators in natural environments [20] , it is possible that conjugation is necessary for the survival of the plasmid even within an isogenic population where every individual harbours a copy. This observation can help us understand how HGT persists in bacterial systems in the absence of positive selection by antibiotics or other threats against which conjugative elements often provide resistance. Competing interests. We have no competing interests. rsbl.royalsocietypublishing.org Biol. Lett. 12: 20150953
